ABSTRACT-This study was performed for the detection of cocarcinogens by transformation in vitro with the use of a subclone of a Balb/3T3 cell line. Dose response, cytotoxicity, and transformation studies were done with the use of an indirect-acting carcinogen, benzo [a]pyrene (B[a]P), a direct-acting alkylating carcinogen, f3-propiolactone (BPL), and the mouse skin cocarcinogen catechol. The rate of transformation was notably higher in groups treated with B[a]P and catechol or BPL and catechol than in groups treated with either B[a]P or BPL. Catechol alone did not induce any transformation. All the cells isolated from the transformed foci showed characteristics of malignantly transformed cells, such as anchorage-independent growth. Thus chemical cocarcinogenesis was accomplished in vitro similar to that accomplished in in vivo studies reported earlier on mouse skin. -JNCI 1982; 69:503-508. A series of compounds shows the effect of enhancing significantly the incidence of benign and malignant tumors induced by B[a]P on mouse skin when the carcinogen B[a]P and cocarcinogen are applied simultaneously and repeatedly (1-4). These compounds are not carcinogenic, and most of them are not tumor-promoting agents in the classical twostage carcinogenesis experiment, i.e., initiation-promotion on mouse skin (4). They are referred to as cocarcinogens. There is, therefore, a clear-cut operational difference in the two types of experiments. Not all cocarcinogens are tumor promoters and vice versa. These definitions are those of Berenblum (1), and they have also been used in our earlier work (4). Cocarcinogens for mouse skin belong to various classes of chemicals including polyphenols, aromatic hydrocarbons, long-chain aliphatic hydrocarbons, and others, and hence they probably act by different mechanisms (4,5).
A series of compounds shows the effect of enhancing significantly the incidence of benign and malignant tumors induced by B[a]P on mouse skin when the carcinogen B[a]P
and cocarcinogen are applied simultaneously and repeatedly (1-4). These compounds are not carcinogenic, and most of them are not tumor-promoting agents in the classical twostage carcinogenesis experiment, i.e., initiation-promotion on mouse skin (4) . They are referred to as cocarcinogens. There is, therefore, a clear-cut operational difference in the two types of experiments. Not all cocarcinogens are tumor promoters and vice versa. These definitions are those of Berenblum (1), and they have also been used in our earlier work (4) . Cocarcinogens for mouse skin belong to various classes of chemicals including polyphenols, aromatic hydrocarbons, long-chain aliphatic hydrocarbons, and others, and hence they probably act by different mechanisms (4, 5) .
To extend the possibilities for studies on the mechanism of action of cocarcinogens, we undertook the present study to develop a cell culture system for cocarcinogenesis.
The cells selected for the present work are the A31-1-1 subclone isolated from clone A31-1 of Balb/3T3 cells (6) . These early-passage cells, 50 generations, exhibit a high degree of contact inhibition, homogeneous cell morphology, and a low incidence of spontaneous transformation. Malignant transformation has been observed with the use of these cells treated with several carcinogens, e.g., 4-nitroquinoline-N-oxide (7).
Catechol, a potent mouse skin cocarcinogen (4), occurs in plants (8, 9) , is manufactured and used in diverse industries (9) , and is the major phenolic component in cigarette smoke condensate (10) . In a recent study catechol was shown to be the major cocarcinogen in a subfraction of cigarette smoke condensate on the basis of mouse skin bioassays with the use of B[a]P as carcinogen (11). It is not carcinogenic by skin application in mice (4) and is not a promoter in two-stage carcinogenesis on mouse skin (4) . It was used in the present work with two carcinogens in separate in vitro cocarcinogenesis experiments: B[a]P, an indirect-acting carcinogen, and BPL, a direct-acting alkylating carcinogen.
MATERIALS AND METHODS
Cells.-A subclone, A31-1-1, derived from Balb/3T3 cells and described earlier (6, 7, (12) (13) (14) , was used for all the experiments. For all the experiments, cells were cultured in 50-mm plastic petri dishes (Falcon Plastics, Oxnard, Calif.). Stock cultures were maintained in plastic tissue culture flasks (75 cm 2 ; Falcon Plastics). The complete medium used in all experiments and in stock cultures was EMEM (CIECO, Grand Island, N. Y.) containing 100 U penicillin, 100 }Lg streptomycin, and 0.25 }Lg amphotericin B/ml (CIECO) and supplemented with 10% FCS from Biofluids Inc., Rockville, Md. All washing procedures were done in HBSS (CIECO) containing 400 U penicillin, 400 }Lg streptomycin, and 1.0}Lg amphotericin B/ml. The cultures were incubated in a humidified incubator at 37°C in an atmosphere of 5% CO 2 in air. The media were changed two or three times a week. Passage of cultures was performed with the use of 0.25% trypsin (GIBCO).
Chemicals.-B[a]P, BPL, and catechol were purified and characterized as described before (4, 15 cultures received only 0.1 % acetone, which was nontoxic at this concentration. Stock solutions of BPL were freshly prepared, 1.14 mg/ml of culture medium, and the experimental solutions were then prepared immediately before use by serial dilution of the stock solution with the culture medium to give the final desired concentrations. All the experimental solutions of the compounds were freshly prepared, and the carcinogen plus cocarcinogen solutions in medium were then made up in one solution so that they were applied simultaneously to cultures. amined alone at all the above doses in the control experiments. Other controls were the medium control and an acetone control. Similar protocols were used for cotransformation studies with the use of simultaneous exposure of BPL and catechol. The concentrations of BPL were 4, 2, 1, and 0.5 j.tg/ml, and the concentration of catechol was 1 j.tg/ ml with 10 dishes per group. In a reverse experiment the concentrations of catechol were 2.0, 1.0, and 0.5 j.tg/ml, respectively, and the concentration of BPL was 1.0 j.tg/ml. Cells were exposed to carcinogen and cocarcinogen as described above for 72 hours in 6 ml of medium per dish. Thereafter, they were washed twice with HBSS and maintained in the culture medium alone. Medium was changed twice weekly. At the end of the experiment, the dishes were washed twice with HBSS, fixed with methanol, and stained with Giemsa at 8 days for CE studies and at 23-26 days for transformation assays. The CE is defined as the number of colonies formed as a percentage of the number of cells seeded. The RCE is expressed as the number of colonies in the treated cultures as a percentage of those in the untreated cultures and acetone controls. Morphologic transformation was defined as an increase in cell density accompanied by numerous cells growing on the surface of the cell sheet forming foci with a loss of polar orientation of the cells on the background monolayer as shown in figure 1 (12-14) . This was used as the criterion of the transformed phenotype. Such transformed areas were collected by the ring-isolation technique (16) for growth in soft agar and subsequently in culture.
Cytotoxicity
Growth in soft agar.-The procedure used was described earlier (17) . The cell suspension was mixed with agar (Difco Laboratories, Detroit, Mich.) at 44°C and diluted with agar to a final concentration of about 1X10 5 cells/dish in 0.3% agar. This suspension of cells in agar was layered over 5 ml of 0.5% agar base layer prepared in double-strength synthetic medium supplemented with 20% FCS in 60-mm dishes. The dishes were incubated in an atmosphere of 5% CO 2 in air. A total of 51 dishes, three dishes per group, were seeded with cells in agar. The dishes were held for 40 days to score for colonies larger than 1 mm. Such colonies were isolated from each group of dishes and were grown in 75-cm 2 flasks to raise the stock cells of transformed line and were stored in liquid nitrogen for future use and characterization. b Average number ± SD from 10 plates. ND=not determined. C Statistically compared with the group of BPL-alone treatment on the basis of number of foci per dish with the use of a two-sample t-test. When transformation frequencies were used for calculation, statistical significance was larger. -=statistical calculation not significant or not needed.
RESULTS

To
fold increases, respectively, compared to the increases seen The data on the transformation frequency of BPL alone and BPL together with catechol are summarized in table 2. Cells treated with BPL alone at 4, 2, and 1.0 t-tg/ml gave 2.8, 0.75, and 0.4 foci/dish, respectively; i.e., there was a linear increase in transformation frequency with increased BPL concentration. When the same BPL concentrations were used simultaneously with 1 t-tg catechol/ml, the transformation frequency increased by 1.25, 6.0, and 5.0 times when compared to that of cultures treated with BPL alone. The frequency of transformation was highest at 2 t-tg BPL/ ml together with 1 t-tg catechol/ml added and the transformation frequency decreased slightly at 4 t-tg BPL/ml with 1 t-tg catechol/ml. This decrease may be due to the combined toxic effects of the compounds on cells.
When cells were isolated from individual transformed foci, all produced populations of typical transformed cells in culture and demonstrated a loss of contact inhibition and
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oriented growth. They subsequently gave rise to colonies of anchorage-independent cells ( fig. 2) , whereas the control cultures did not. Dense, multilayer areas of untransformed cells isolated from treated or control cultures also failed to produce colonies in soft agar. A transformed line was isolated from the colonies that developed in soft agar from transformed foci treated with B[a]P (0.005 t-tg/ml) and catechol (1 t-tg/ml) 23 days after cell seeding. This cell line (TCL3a) is shown in figure 3 .
DISCUSSION
Cocarcinogenesis in vivo has been established in various laboratories (1) (2) (3) (4) (5) . Many of these studies have focused on mouse skin experiments (1, 2, 4) . Because of the range of chemical structural types that exhibit cocarcinogenicity, it appears unlikely that all these compounds affect the target organ in the same way. This is supported by a recently reported study of the effects of five chemicals that enhance mixed-function oxidase activity in vivo (19) . When tested in an in vitro mouse embryo fibroblast system, C3HlOTtI-CL8, with B[a]P as carcinogen, four of the five agents enhanced B[a]P-induced transformation; the exception was Aroclor 1254, a well-known inducer of mixed-function oxygenases in mouse liver (20) . These findings suggest, as the authors point out (19) (22) . B[e]P, a mouse skin cocarcinogen, was not cocarcinogenic for respiratory tract carcinoma induction in organ culture but did enhance tracheal and peritracheal sarcomas twofold to threefold in the same experiments.
With these complications in mind, it is still highly desirable to perform cocarcinogenesis studies in vitro. The in vitro system provides the obvious advantage of one cell type, for which some of the biochemical and biological characteristics have been described before.
Because catechol did not show tumor-promoting activity on mouse skin (4), it was not tested in the present in vitro system for tumor-promoting activity.
The results presented in this report clearly demonstrate the cocarcinogenic activity of catechol on B[a]P-as well as BPL-induced transformation in vitro. This system is potentially useful for the study of mechanisms of action of mouse skin cocarcinogens in vitro. It may also develop to be an in vitro screen for other potential cocarcinogenic agents, once a larger number of mouse skin cocarcinogens have been successfully tested in vitro as cocarcinogens.
In an earlier report we have enumerated several possible modes of action of cocarcinogens (5) . The present findings suggest that the effect of catechol may involve an interference with repair of DNA damaged by the direct-acting carcinogen BPL in which alteration in metabolic pathways 
